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2012.09.0Abstract The function of the injector in a monopropellant thruster is to atomize the liquid hydra-
zine and to distribute it over the catalyst bed as uniformly as possible. A second objective is to place
the maximum amount of catalyst in contact with the propellant in as short time as possible to min-
imize the starting transient time. Coverage by the spray is controlled mainly by cone angle and
diameter of the catalyst bed, while atomization quality is measured by the Sauter Mean Diameter,
SMD. These parameters are evaluated using empirical formulae. In this paper, two main types of
injectors are investigated; plain oriﬁce and full cone pressure swirl injectors. The performance of
these two types is examined for use with blow down monopropellant propulsion system. A compre-
hensive characterization is given and design charts are introduced to facilitate optimizing the per-
formance of the injector. Full-cone injector is a more suitable choice for monopropellant thruster
and it might be available commercially.
 2012 National Authority for Remote Sensing and Space Sciences.
Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Monopropellant thruster is still a good choice for orbit inser-
tion of small satellites, especially when signiﬁcant thrust is re-
quired. The injector is a main element of this thruster, and it50 7816261; fax: +971 4 282
m (T.R. Nada), aafhashem1@
tional Authority for Remote
g by Elsevier
or Remote Sensing and Space Scie
01may constrain the performance of the thruster. The key func-
tion of the injector is to spread the propellant properly and to
facilitate the liquid coverage and hence absorption into the cat-
alyst pellets. In doing so, very ﬁne droplets are not needed;
however, the spray must cover most of the cross section of
the bed to increase the efﬁciency of the decomposition. Also,
for the involved low mass ﬂow rates, the available technology
level for manufacturing the injector elements may control the
injector dimensions (Hashem, 2003).
Instead of employing atomizer, some authors used a two-
phase plenum that vaporizes the hydrazine upstream of the
thruster (Parker et al., 1999). This solution allows supplying
100% vapor to the thruster at low feed pressure, and it is ex-
pected to produce smaller and more repeatable impulse bits.
However, the required power, complexity due to additionalnces. Production and hosting by Elsevier B.V. All rights reserved.
Nomenclature
d diameter (mm)
L oriﬁce length (mm)
a spray cone angle ()
_m mass ﬂow rate (kg/s)
Cd discharge coefﬁcient
A area
q density (kg/m3)
DP pressure drop (Bar)
Re Reynolds number
Nh number of holes
G bed loading factor (kg/s m2)
b the cone angle of the swirl chamber (), see Fig. 7
# inclination angle of swirl grooves (), see Fig. 7
a size of the square swirling grooves (mm), see Fig. 7
R mean radius of swirling grooves (mm), see Fig. 7
e ﬁlling efﬁciency
FN ﬂow number
t ﬁlm thickness (mm)
r surface tension
l viscosity
Subscripts
o oriﬁce
L liquid
max maximum
a axial port, see Fig. 7
air air
cb catalyst bed
w insert
s swirl
Abbreviations
SMD Sauter Mean Diameter
162 T.R. Nada, A.A. Hashemhardware, and associated temperature control loop are main
disadvantages that have to be weighed against the expected
improvement in performance. For low cost and simple thruster
design, some authors have employed a simple capillary tube in-
sert to function as injector (Platt, 2002). However, thruster
performance in this case may lack accuracy and reliability
due to inadequate coverage and poor atomization quality.
Some authors have developed a design methodology for
hollow-cone injectors (Teixera et al., 2004), and others (Pasini
et al., 2011) have developed thrusters using hydrogen peroxide,
which is injected by means of a hollow cone ﬁne spray nozzle.
However, further work was recommended to identify the best
compromise between different injector types (Pasini et al.,
2011). Moreover, it is believed that the full cone and plain ori-
ﬁce shower head injectors are more suitable for the monopro-
pellant thruster that utilizes catalyst beds. This is because it is
required to have atomized ﬂow, which completely covers the
catalyst bed face. This improves the decomposition rate, helps
in producing uniform exhaust, and increases the efﬁciency of
the thruster. It is obvious that a hollow-cone injector does
not completely cover the catalyst bed, and this causes a drop
in the thruster efﬁciency and may cause a delay in the
decomposition.
Determination of the appropriate injector type and ullage
volume can inﬂuence the dynamic response as well as the stea-
dy state response of the thruster. In reference An et al. (2009),
the full cone and showerhead injectors were employed to inves-
tigate the effect of injector type and ullage volume on decom-
position delay time, pressure rise time, and pressure decay time
of the thruster. It was concluded that a thruster utilizing a full
cone injector is slower than that employing a showerhead one,
because the ullage volume in the former is larger. Nevertheless,
the distribution of propellant droplets was better in the full
cone injector case. Thus, a full cone injector is recommended
for continuous operation mode, while a showerhead injector
is preferred for pulse operation mode.
The chugging instability, which can be caused by reso-
nances in the engine feed system or the coupling of structural
and feed system frequencies, was investigated using reaction
tests performed with 50 N H2O2 monopropellant test thrusterswith different aspect ratios under different operating pressure
conditions (An et al., 2011). A showerhead injector that has
15 oriﬁces with diameters of 400 lm was employed. It was con-
cluded that the injector plays an important role in reducing the
chugging instability. However, other types of injectors that can
enhance the atomization of propellant would be preferred to
improve the efﬁciency of the characteristic velocity (Jo, 2011).
This paper investigates two main types of injectors; plain
oriﬁce injector, with possibility to use shower head conﬁgura-
tion, and full cone pressure swirl injector. The performances of
these two types are examined for use with blow-down mono-
propellant propulsion system. A comprehensive geometrical
characterization is given and design charts are generated to
facilitate optimizing the performance of the injector for differ-
ent thrust levels.
According to the authors’ knowledge, the methodology gi-
ven in this paper has not been published before in the open lit-
erature. Also, because the injector is a key element in the
design of monopropellant blow down thruster, it is important
to consider all problems that may be faced when this thruster is
to be employed in different space missions.
In the coming section, the plain oriﬁce atomizer will be con-
sidered and then in the next section, the full-cone injector will
be considered for the same design task. A comprehensive de-
sign of charts and discussions are given in Section 4 for the se-
lected type and ﬁnally conclusions are presented.
2. Plain oriﬁce injector
The plain oriﬁce atomizer is the simplest of all atomizers in de-
sign and manufacture as it is clear from its geometry shown in
Fig. 1 (Bayvel and Orzechowski., 1993).
The governing equations for the performance of this type
are given in reference Lefebvre (1989), and summarized in
Appendix A. The number of injector holes, Nh, is varied to
simulate the possible use of a shower head injector conﬁgura-
tion. The cone angle of the ﬂow at distance (0.75 · dcb) is con-
sidered to calculate the coverage area;
dcon ¼ 0:75dcb tan a=2 ð1Þ
Figure 1 Plain oriﬁce injector.
Figure 2 Variations of Sauter Mean Diameter (SMD).
Figure 3 Cone angle variation.
Figure 4 Spray coverage ratio.
Geometrical characterization and performance optimization of monopropellant thruster injector 163The catalyst bed diameter, dcb, is calculated based on the
initial bed loading factor, G, and initial mass ﬂow rate. Initial
mass ﬂow rate of 5 g/s and ﬁnal mass ﬂow rate of 2 g/s are used
in the calculations. These values correspond to a blow-down
hydrazine monopropellant thruster producing initial thrust
of about 10 N (Hashem, 2005). The set of equations describing
the plain oriﬁce atomizer is solved at the ﬁnal condition as it
represents the critical condition for the injector operation.
Fig. 2 indicates, in general, that the SMD decreases with the
injector pressure drop and the number of holes. The level of
atomization of plain oriﬁce injector improves with pressure
drop and number of holes.
Fig. 3 shows the cone angle variation with injector pressure
drop. The cone angle increases with pressure drop, and de-
creases sharply with the number of holes. It is obvious that
the spray cone angle is very narrow, which is characteristic
of plain oriﬁce injectors. Fig. 4 presents the corresponding
spray coverage area ratio, at a reference distance. It shows that
although the single hole has multifold larger cone angle, the
coverage area of the multi-hole arrangement is larger. More-
over, the multi-hole arrangement (shower head) produces
droplets with smaller SMD than that produced by the single-
hole injector.
Generally, coverage ratio is very small especially at low
pressure drop in the injector. The only way to achieve full cov-
erage is to use a ten hole shower head conﬁguration and to
work at a pressure drop of about 90 bars. Working at suchhigh pressure drop is not practical as it wastes the potential
for achieving high speciﬁc impulse of the thruster. Another
solution is to work at higher bed loading that requires a smal-
ler catalyst bed area. Higher level of initial bed loading is unac-
ceptable as it leads to severe losses in the catalyst bed and thus
reduces total system efﬁciency and increases system mass (Has-
hem, 2005).
Another important factor is the injector geometry, which
must be suitable for the technology level that may be available
for manufacturing. Fig. 5 gives the variation of port diameter
with pressure drop across the injector for different conﬁgura-
Figure 5 Variation of port diameter with pressure drop.
Figure 6 Pressure swirl injectors (Schick, 1997). (a) Hollow cone
injector, (b) full cone injector, (c) projection of hollow cone spray
and (d) projection of full cone spray.
Figure 7 Full cone pressure swirl atomizers with cylindrical
insert (Bayvel and Orzechowski., 1993).
164 T.R. Nada, A.A. Hashemtions. It indicates that injector diameter of about 0.1 mm is re-
quired at pressure drop level that satisﬁes full area coverage.
Smaller diameters are necessary for multi-hole injection system
at higher pressure drop. This requires relatively high technol-
ogy level. The only option from the area coverage and oriﬁce
diameter considerations seems to be to use a single-hole injec-
tor with partial area coverage. This option requires a very high
value of initial bed loading that is unacceptable from the cat-
alyst bed performance point of view (Hashem, 2005). More-
over, partial coverage causes drop in the efﬁciency of the
thruster and increases the starting time.
The small initial and ﬁnal mass ﬂow rates represent chal-
lenge in the injector design as it requires high pressure drop
and/or very small injector dimensions. A high pressure drop
increases the initial tank pressure, which increases the system
mass. On the other hand, small injector dimensions may cause
clogging and a high level of technology is required if the injec-
tor is going to be manufactured in house. The above values for
initial and ﬁnal mass ﬂow rates are employed here to investi-
gate their effects on injector design. The ﬁnal conclusion is that
using plain oriﬁce injector for such small thrust level and mass
ﬂow rate is not satisfactory. Other injector types have to be
considered.
3. Pressure swirl injector
Among all various methods that have been devised for
achieving liquid atomization, the pressure-swirl injector is
probably the most widely used, having applications in broad
areas. Although plain-oriﬁce injectors have the virtue of sim-
plicity, their narrow spray-cone angle makes them
impractical for use where a wide dispersion of droplets is re-
quired. Much wider cone angles are achieved in
pressure-swirl injectors, where the droplets spread out in
the form of a cone as soon as it leaves the oriﬁce (Lefebvre,
1989). This type is widely used in combustion due to its high
level of atomization and wide range of coverage that can be
produced. The projection of the outcome ﬂow may take
many forms like hollow cone or full cone, and this projec-
tion depends completely on the geometry of the swirler
room and injector port. The basic shapes and projections
for full cone and hollow cone pressure swirl injectors are gi-
ven in Fig. 6.Of course, the full cone type is more suitable for the appli-
cation of monopropellant catalyst bed type of thrusters as it
produces atomized ﬂow, which covers the catalyst bed face
without empty areas. This improves the decomposition rate,
helps in producing uniform exhaust and increases the efﬁciency
of the system. The typical geometry of a full cone pressure
swirl injector with a cylindrical swirling insert is shown in
Fig. 7. As shown in Fig. 8, the full cone atomizer consists of
two elements, a body and a swirling insert, which is commonly
known as a ‘vane’ that imparts radial velocity and counter-
swirl to form a full cone pattern. The swirling insert in this case
is a cylindrical insert, has an axial channel for the vortex-free
jet and grooves producing the swirled jet. The swirl chamber
(mixing chamber) is located between the insert and the dis-
charge nozzle. The cone angle, b, of the swirl chamber in most
cases is 60–120 (Bayvel and Orzechowski., 1993). The grooves
on the insert surface have rectangular or square cross section.
Figure 8 Elements of full cone pressure swirl atomizers (Bayvel
and Orzechowski., 1993) 1, body; 2, inserted swirl; 3, axial oriﬁce;
4, groove and 5, discharge oriﬁce.
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Figure 10 Variation of coverage ratio with pressure drop using
different groove angles.
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gle, #. The machining of the grooves and the insert itself is rel-
atively simple. Basically, the number of grooves is limited to
three and the angle of inclination, #, is not larger than 30.
The advantages of these atomizers are simplicity of design
and feasibility of replacing the insert. Their disadvantage is
their tendency to clog (Bayvel and Orzechowski, 1993).
The governing equations for the full-cone pressure-swirl
injector are given in reference Bayvel and Orzechowski
(1993), and summarized in Appendix A. The solution of these
equations gives the variation of the cone angle, coverage ratio,
and geometrical parameters as function of the pressure drop at
different groove angles. Fig. 9 shows the variation of exit cone
angle with injector pressure drop for different groove angles. It
is obvious that even if a very small groove angle is employed,
the exit cone angle is larger than that produced by the plain
oriﬁce atomizers.
The corresponding coverage ratio calculated based on 0.75
aspect ratio is shown in Fig. 10 at different pressure drop0
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Figure 9 Variation of cone angle with pressure drop using
different groove angles.across the injector using various groove angles. It is apparent
that 100% coverage is easily obtained at small groove angles
for a wide range of pressure drop across the injector. Also,
the geometrical parameters of the injector should be sized to
keep them above certain limit to prevent clogging and/or
machining problems.
Fig. 11 shows the variation of three geometrical parame-
ters; exit port diameter, do, axial oriﬁce diameter, da, and
groove width, a. The exit port diameter and the axial oriﬁce
diameter are independent of the groove angle, while the groove
width is a weak function of the groove angle. Fig. 11 indicates
that among the three geometrical parameters, the axial oriﬁce
diameter, da, has the smallest value and the exit port diameter,
do, has the largest value at any pressure drop. A limitation set
by availability of manufacturing techniques will be applied to
the axial oriﬁce diameter.
Many attempts have been made to develop empirical for-
mulae for atomization level and SMD of hollow cone and
plain oriﬁce injectors (Couto et al., 1997; Landrum et al.,
1995; Liu, 2000). On the other hand, although full cone nozzles
are often used in industrial processes, accurate and compre-
hensive correlations that estimate the level of atomization
out of these nozzles are not yet published. Recent experimental
efforts (Darina et al., 2011) have been conducted to measure
the droplet size of a full cone nozzle employed in industrial
applications. However, only few plots were given and no cor-
relations were derived to include the effects of different param-0
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166 T.R. Nada, A.A. Hashemeters such as viscosity, surface tension, and pressure drop on
SMD.
Estes and Mudawar(1995) tested three different sizes of full
cone nozzles using three different liquids to examine the effect
of liquid properties such as surface tension on the SMD.
Water, Fluorine FC-72 and Fluorine FC-87 were utilized at
room temperature for different pressure drop and using three
different nozzles. The SMD was measured using the Phase
Doppler Particle Analyzer (PDPA) method, which is a non-
intrusive technique enabled determination of spray hydrody-
namic parameters without disrupting the spray itself. The
resulting correlation is:
SMD
do
¼ 3:67 We0:5Re 0:259 ð2Þ
The Weber and Reynolds numbers are deﬁned as:
We ¼ 2qairDPdo
r
ð3Þ
Re ¼ qLdo
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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Figure 13 Optimum selectionThis correlation ﬁts the SMD measurement data with a
mean absolute error of 12.4%, and the product of square root
of Weber number and Reynolds number is identical in form to
the product proposed by Lefebvre for hollow cone sprays
(Lefebvre, 1989).
A more recent experimental effort was done by Kohnen et
al. (2010) to measure the SMD of several full cone nozzles
using Laser Diffraction Analysis (LDA) method. The dimen-
sionless diameter of the droplets (SMD/do) was plotted versus
the Weber number. In this reference Kohnen et al. (2010), a
correlation is introduced to predict the SMD of full cone noz-
zles and it was a result of a previous German experimental
effort:
SMD
do
¼ 400ðDPÞ0:75 qair
qLg
 0:2
Oh1=7 ð5Þ
The nozzle pressure number (DP*) and the Ohnesorge numbers
are deﬁned as:
DP ¼ DPdo
r
ð6Þ
Oh ¼ lLﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
doqLr
p ð7Þ
Model A, which is given in Eq. (2), and model B, which is
given in Eq. (5), are employed to estimate the SMD of hydra-
zine out from a full cone injector. Fig. 12 shows the variation
of SMD with pressure drop using these two models. It is clear
from this ﬁgure that model B results in larger SMD than model
A at low pressure drops, while model A shows larger values at
high pressure drops. Also, according to the above two models,
it is obvious that only the pressure drop affects the level of
atomization and the injector geometry and propellant mass
rate have very small effects on SMD. Although results from
both models are commonly close, the conservative value (the
larger SMD) will be considered at any pressure drop.
A full coverage and a minimum SMD of 400 lm are tar-
geted, while for the geometry, a minimum of 0.4 mm is set
for all geometrical parameters. Fig. 13 shows the design selec-
tion chart that complies with these requirements. This chart
determines the available area for selection for both pressure1 1.5 2
 Drop [bar]
do
 <
 0
.4
 m
m
chart for full cone injector.
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Figure 15 Contours of constant axial port diameter.
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and the width of grooves have no restriction on the selection
as they are preceded by the axial oriﬁce diameter, da. Also, it
is clear from this chart that a pressure drop between 0.3 and
0.8 bar, is required. For the inclination of grooves, an angle
of more than 3 is required. It is obvious that the range of pres-
sure drop is small when compared with that required for plain
oriﬁce injector. Also, the full cone injector with these geomet-
rical parameters is easy to be manufactured and can work with
small to moderate initial bed loading.
Although the available range for pressure drop can easily
be afforded, it is better to select the minimum pressure drop
to give more space for the design of the tank and decomposi-
tion chamber pressure drop. Also, it is required not to increase
the coverage ratio above 1.0, as this causes the propellant ﬂow
to hit the sides of the chamber with the best atomized liquid
while the coarse ﬂow hits the catalyst bed directly. This means
that a good selection would be a pressure ratio of about
0.25 bar and groove angle of about 4. This results in
da = 0.51 mm, a= 0.54 mm, do = 0.63 mm, and dw =
15 mm. The corresponding spray angle is about 66.
4. Results and discussions
Considering different missions for the thruster, the initial
thrust and hence the initial mass ﬂow rate may change. The
injector pressure drop remains the same as long as the required
level of atomization is the same. Alternatively, the injector geo-
metrical parameters will change with ﬁnal mass ﬂow rate. Fol-
lowing the above procedure for the optimization of the full-
cone injector, it was found that a minimum of 3 and 1.2 g/s
for the initial and ﬁnal mass ﬂow rates, respectively, are re-
quired to maintain the SMD above 400 lm and the geometri-
cal parameters above 0.4 mm. Smaller mass ﬂow rates may be
allowed if SMD limit and/or the minimum size limit are
released.
Setting the coverage ratio to one requires the same exit cone
angle for the same aspect ratio of the thruster ullage volume.
This ratio was taken as 0.75, which is a practical average value
(An et al., 2009). Then for different ﬁnal mass ﬂow rates, the
SMD is estimated at each pressure drop while keeping the cov-
erage ratio one. Fig. 14 shows the contours of minimum mass
ﬂow rate at each pressure drop and the corresponding SMD. A
satisfactory atomization level is to be deﬁned, then at the given
minimum mass ﬂow rate, the required pressure drop can be0
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Figure 14 Contours of constant mass ﬂow rate.identiﬁed. Fig. 15 shows contours of smallest geometrical
parameter, which is the axial port diameter, at different pres-
sure drop and minimum mass ﬂow rate. Thus, using Fig. 14,
the required pressure drop is identiﬁed, and then using
Fig. 15, the required axial port diameter can be estimated. This
diameter represents the technology level required during man-
ufacturing of the injector. If this level of technology is not
available, a lower pressure drop has to be selected at the same
mass ﬂow rate and hence a larger SMD will result from
Fig. 14.
Also, the SMD can be set at 400 lm and the coverage ratio
at 1.0, and then the inclination angle of grooves for different
aspect ratios of the ullage volume, the injector pressure drop,
and the geometrical parameters are estimated. Fig. 16 shows
the inclination angle of grooves at different mass ﬂow rates
for different aspect ratios of the ullage volume. It is clear from
this ﬁgure that the inclination angle of grooves is within the
practical range (below 30) for a wide range of ﬁnal mass ﬂow
rate, which represents different blow down ratios for the same
initial mass ﬂow rate and/or different initial thrusts for the
same blow down ratio. Also, it is obvious from Fig. 16 that
as the aspect ratio increases a smaller inclination angle is
needed. This means that the swirl action will be less, however,
the dynamics of the thruster at starting will be slower and this
should be investigated carefully especially if the thruster is to
be used in attitude control or North–South Station Keeping
(NSSK) applications.0
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ﬂow rates.
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168 T.R. Nada, A.A. HashemThe required pressure drop to maintain SMD and coverage
is shown in Fig. 17 at different ﬁnal mass ﬂow rates. It is worth
to note that the pressure drop is not affected by the variation
in aspect ratio of the ullage volume. Moreover, it is clear from
this Figure that the pressure drop for this wide range of mass
ﬂow rate is reasonable if compared to an initial tank pressure
above 10 bars (Hashem, 2005). Finally, the geometrical param-
eters are plotted versus ﬁnal mass ﬂow rate for the same SMD
and coverage ratio. Fig. 18 shows this plot, which indicates
that the axial oriﬁce diameter, which is the smallest geometri-
cal parameter, may restrict the manufacturing of the injector if
the ﬁnal mass ﬂow rate falls below certain minimum. A solu-
tion for this problem may be to work with larger blow down
ratio; however, this will restrict the total impulse of the thrus-
ter and hence decrease its efﬁciency. This clears that the mono-
propellant thruster is not efﬁcient for missions that require
very small thrust levels, while it is still a good option when sig-
niﬁcant thrust is needed.
It is clear from the above discussion that the geometrical
parameters such as aspect ratio of ullage volume and axial ori-
ﬁce diameter are very important in estimating the injector and
thruster performances. Moreover, it is obvious that the pres-0
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Figure 18 Required injector geometrical parameters at different
ﬁnal mass ﬂow rates.sure drop across the injector at each mass ﬂow rate will deter-
mine the atomization level and hence affects the thruster
efﬁciency. The geometrical characterization and performance
optimization presented above are very important for the design
of monopropellant thruster and may completely alter the tran-
sient as well as the steady state performance of the thruster.
The injector optimization has been, and continues to be, one
of the top critical areas in any chemical space propulsion
system.
5. Conclusions
This paper provides clear methodology to optimize, design,
and prepare for manufacturing an injector for use in a mono-
propellant hydrazine thruster that produces low thrust and uti-
lizes very low mass ﬂow rates. The main challenge is to keep
the injector’s geometrical dimensions above certain limit while
maintaining a good level of atomization at reasonable pressure
drop across the injector. The performances of both plain ori-
ﬁce and full cone atomizers have been investigated with the
aim of employing one of them in monopropellant blow down
thruster that utilizes catalyst bed. Different geometrical
parameters have been employed to estimate the coverage area
and Sauter Mean Diameter of the injectors. The plain oriﬁce
injector is not suitable for small ﬂow rates as it produces par-
tial coverage for single-hole injector and it requires very high
pressure drop for multi-hole showerhead conﬁguration.
On the other hand, the full-cone pressure swirl injector
seems to be a better option as it produces full coverage and
moderate level of atomization at reasonable pressure drop.
The level of atomization and/or the level of available manufac-
turing technology restrict the minimum ﬁnal mass ﬂow rate.
Smaller mass ﬂow rates may be allowed if SMD limit and/or
the minimum size limit are released. According to the author’s
knowledge, the clear methodology presented in this paper has
not been published before in the open literature.
Appendix A
A.1. Plain oriﬁce injector
The governing equations for the performance of plain oriﬁce
injector are listed below (Lefebvre, 1989). The mass ﬂow rate
is given by:
_m ¼ CdAo
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qLDPL
p
ðA-1Þ
where Cd the discharge coefﬁcient, is obtained by
1
Cd
¼ 1
Cdmax
þ 20
ReL
1þ 2:25 L
do
 
ðA-2Þ
Here, L is the injector port length as shown in Fig. 1, and
Cdmax is given by:
Cdmax ¼ 0:827 0:0085 L
do
ðA-3Þ
The ratio L/do is typically taken as 4. Also, the Sauter Mean
Diameter, SMD, can be evaluated using the empirical
equation:
SMD ¼ 6doRe0:15L ðA-4Þ
The cone angle is evaluated by
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lo
do
 n
1 e0:023qL=qair 1 ðA-5Þ
where n ¼ 0:0284ðqL=qairÞ0:39 ðA-6ÞA.2. Full-cone pressure swirl injector
The governing equations for the pressure-swirl injector are
listed below (Bayvel and Orzechowski., 1993). The exit port
area is calculated from:
_m ¼ CdAo
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qLDPL
p
ðA-7Þ
The discharge coefﬁcient is given as:
Cd ¼ 0:9ð0:676 24doÞ0:13 ðA-8Þ
The diameter of the axial oriﬁce is calculated from:
da ¼ doð0:676 24doÞ0:5 ðA-9Þ
The total cross-sectional area of the swirling grooves is calcu-
lated based on the area of axial oriﬁce using:
As ¼ 4:3Aa ðA-10Þ
The size of the square swirling grooves is:
a ¼ As
n cos#
 0:5
ðA-11Þ
The number of swirling grooves, n, is typically 3. The inclina-
tion angle of the grooves is varied in this analysis, however, the
maximum is 30. The diameter of the swirling insert, dw, is
determined based on the port diameter, do, as given in refer-
ence. A geometric constant that takes into account the rela-
tionship between basic dimensions of the full cone atomizer
is deﬁned as:
K ¼ 4
R
do
sin#
AoAs
ðAa þ AsÞ2
ðA-12Þ
The spray angle is determined from:
tan a=2 ¼ eK
2 e ðA-13Þ
The ﬁlling efﬁciency e, characterizes the percentage of
grooves that is completely ﬁlled with liquid. Typically for the
full cone swirl atomizer a gas core does not exist in the dis-
charge oriﬁce, i.e., e= 1.0.
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